X-ray treatment induces a complex molecular response in hem-9-27 gene, belonging to the same IFN-inducible family, was atopoietic cells leading to cell death. Using the mRNA differalso enhanced following exposure to X-ray irradiation. Kin- Cells were incubated at 37°C in a humidified atmosphere Cellular response following exposure to ionizing radiation (IR) containing 5% CO 2 . All experiments were performed with and DNA damage includes the induction of expression of a exponential phase growing cells. Mononuclear cells were isonumber of genes.
Introduction human recombinant IFN␥ (PeproTech, Rocky Hill, NJ, USA). Cells were incubated at 37°C in a humidified atmosphere Cellular response following exposure to ionizing radiation (IR) containing 5% CO 2 . All experiments were performed with and DNA damage includes the induction of expression of a exponential phase growing cells. Mononuclear cells were isonumber of genes.
1 Early response genes are the first to be lated from healthy donors after informed consent using Ficollinduced, many of which encode for transcription factors such Hypaque (1.077; Pharmacia, St-Quentin, France) and grown as c-jun (AP-1).
2,3 Following induction of these early response for 3 days with PHA and 150 unit/ml of IL-2 (Difco, Paris, genes, several other genes are induced 4-8 leading to cell cycle France) in RPMI 10% FCS. alterations 9 and finally cell death. 10 In order to study the response of human hematopoietic cells to IR, we previously used the KG1a cell line as a model. 11, 12 The following paraIrradiation protocol meters were studied: cell death, the cell cycle and mRNA expression of a variety of cytokines and oncogenes. We dem-X-ray (20 MV) irradiation was performed at room temperature onstrated that irradiation led to a G2/M block without apopusing LinAc apparatus (Saturn 20; General Electric, Buc, totic cell death in KG1a cells. We further showed that early France). The dose rate was 1.20 Gray (Gy) per min for a total after irradiation of this cell line there is an increase in the dose of 0 (mock-irradiated) or 3 Gy. To obtain a homogenous expression of the c-jun proto-oncogene. In contrast, genes distribution of the irradiation dose, cells were suspended in known to be involved in late responses (eg c-myc, interleukin 25-cm 2 culture flasks filled with phosphate-buffered saline (IL) 1 and 6 and tumor necrosis factor-␣) and more (PBS). After irradiation, cells were washed in PBS before RNA importantly, the tumor suppressor gene p53, were not found extraction or subsequent culture. to be induced after irradiation in KG1a. 12 Although KG1a cells have, on one p53 allele, a mutation at codon 225, resulting in a substitution of isoleucine for valine, and loss of the other Isolation and Northern blot analysis of total cellular allele, we could not detect any p53 mRNA expression. 13 In RNA order to improve further our understanding of molecular events that lead to cell death, without apoptosis, following Total cellular RNA was isolated from 2 × 10 7 cells using irradiation of the KG1a cell line, we used the recently RNA now solution (Biogentex, Seabrook, TX, USA) according to described mRNA differential display technique 14, 15 to search the manufacturer's instructions. Fifteen micrograms of for genes whose expression was modified by IR in this cell denatured RNA were separated by electrophoresis in 1% line. Using this technique, we have isolated a radiationagarose/formaldehyde denaturing gel, transferred to Hybond inducible cDNA clone that corresponds to the interferon N + membrane (Amersham, Les Ullis, France) with NH 4 Ac (IFN)-inducible gene, 1-8d. Further analysis showed that the 150 mM and cross-linked with UV (130 000 J/cm 2 ). Prehybridization was performed at 42°C for 2 h in 50% deionized formamide, 5 × SSPE, 5 × Denhardt, 0.5% SDS, 100 g/ml 2072 fragment from pIRF-L. 17 Oligonucleotide probes (Genset, Paris, France) for the 1-8D, 1-8U and 9-27 genes were 30mers with the following sequences: 1-8D: 5′-DNA extraction and Southern blotting CTATCGCTGGGCCTGGACGACCAACACTGG-3′ (complementary to the bases 649-678); 1-8U: 5′-CAGGAGAGAAGenomic DNA was extracted from KG1a cells using standard GAAGGTTTGGACAGTGTGAC-3′ (complementary to the methods. 16 DNA was digested either with the EcoRI or HindIII bases 242-271) and 9-27: 5′-CAAGGGGGCAGGGGCAArestriction enzymes (Boehringer-Mannheim), electrophoresed CAGCCCCAGCGTG-3′ (complementary to the bases 747-in 1% agarose gel, stained with ethidium bromide, treated 776). They were chosen in order to contain at least five miswith HCl 0.25 N, followed by NaOH 0.4 N and alkali-transmatched bases as compared to the two others genes. ferred under vacuum to Hybond N + membrane (Amersham). Prehybridization and hybridization were performed as in Northern analyses.
Results
Differential display of irradiated-KG1a mRNA Differential display
Cells were harvested for RNA preparation 6 and 24 h followThe mRNA differential display was carried out using the RNAing exposure of cells to 0 (control) or 3 Gy of IR, a dose that map Kit A (GenHunter Corporation, Brookline, MA, USA) kills 80% of KG1a cells. Reverse-transcription and amplifiaccording to the manufacturer's instructions. Briefly, any concation were carried out with combinations of the 4 T 12 MN taminating genomic DNA was removed by the addition of 5 primers and five different arbitrary 10mer primers. This units of RNase free DNase I (Boehringer-Mannheim) per g resulted in 20 combinations of reactions for each dose and of total RNA for 2 h at 25°C. DNA-free RNA (0.2 g) were time-point. Twenty-two bands were isolated on the basis of reverse-transcribed in a volume of 10 l using M-MLV reverse either an increase or a decrease of intensity with respect to transcriptase and one of the four anchored primers (T 12 MT, the control bands. Figure 1 shows the band 20 that was absent T 12 MG, T 12 MC or T 12 MA were M is a degenerate for A, G, C or lower in the control sample compared to the irradiated and T). A polymerase chain reaction (PCR) amplification was sample in two duplicate experiments, 24 h after a 3 Gy performed on a Perkin-Elmer (St-Quentin, France) thermal irradiation. Only 19 out of 22 isolated bands could be cycler (94°C for 30 s, 40°C for 2 min, 72°C for 30 s for 40 reamplified and cloned. Confirmation of differential cycles, followed by 5 min extension at 72°C). The 20 l reacexpression was checked by conventional Northern analysis tions contained 2 l RT cDNA template, 2 l 10 × PCR buffer, using clones corresponding to the reamplified bands. Three of 0.5 m T 12 MN, 0.2 m AP 10mer (AP-1; 5′-AGCCAGCGAAthem corresponded to Alu-related sequences. Since the polyA 3′, AP-2: GACCGCTTGT-3′, AP-3: AGGTGACCGT-3′, AP-4:
tract that followed the dimeric core of the Alu repeat and since 5′-GGTACTCCAC-3′ or AP-5: 5′-GTTGCGATCC-3′), 2 m of these sequences are present in the untranslated region of each dNTP, 1 l of ␣-35 S dATP (Amersham) and 1 unit of approximately 10% of the total mRNA, 18 this technique AmpliTaq (Perkin Elmer/Cetus). A 3.5 l aliquot of each samgreatly increases the probability of amplifying such sequences. ple with 2 l of loading dye was electrophoresed at 60 W on Only the clone (named 20-10), corresponding to the band 20, a 6% non-denaturing polyacrylamide gel until the xylene dye showed an established differential expression during control was 10 cm from the bottom. Gels were dried without fixation Northern experiments. and exposed for 1-4 days to new RX film (Fuji, Paris, France). Experiments were performed in duplicate with each sample being treated independently at each step (irradiation, RNA isoSequence analysis of the 20-10 clone lation, reverse-transcription and PCR amplification). However, migration of the duplicated samples and controls, were performed on the same gel to facilitate the discrimination of the The 117 bp of the 20-10 clone insert were then sequenced.
Comparison of the total 20-10 sequence to those included in differentially expressed bands.
the GenBank database showed that it corresponds to the 5′ end of the 1-8d cDNA sequence (Figure 2 ). The same AP-4 primer (indicated in bold) was used as the upstream and
Reamplification and cloning of differential display gel bands downstream primer. There were two mismatched nucleotides at the 5′ end of the upstream primer. The published 3′ end sequence of the I-8d cDNA stops after only two bases of the Bands that appeared to be consistently differentially expressed in both duplicated experiments, were cut from the gel, boiled downstream primer. Only one additional mismatched nucleotide was found out of the 97 bases of the internal sequence 10 min in water and then precipitated with glycogen. Four microliters of the water dissolved pellet were used for a located between the two primers (99% of homology). Since it is known that the 1-8d gene shows strong homology with two second amplification. The PCR product was cloned in pCRII (TA cloning kit; Invitrogen, Leek, The Netherlands). The other functional genes, namely the 1-8u and 9-27 genes, we compared the published sequences of these genes to that of EcoRI-digested inserts were used as probes for the Northern analysis. The plasmid DNAs were sequenced with the our 20-10 cloned cDNA. We found eight and 43 mismatched nucleotides between the 20-10 internal sequence and the 1-Sequenase kit (USB, Cleveland, OH, USA) according to the manufacturer's instructions for double-stranded templates.
8u and 9-27 gene sequences, respectively.
Expression of the genes belonging to the 1-8 family following irradiation
Oligonucleotide probes complementary to specific regions of the three genes were then synthesized. Southern blot analysis of KG1a genomic DNA confirmed the specificity of these probes (data not shown). The kinetics of expression of the 1-8 family transcripts, studied by Northern blot analysis, showed an increased expression of the 1-8d and 9-27 genes following the X-ray irradiation (Figure 3a) but the 1-8U probe did not recognize any mRNA either in irradiated or mock-irradiated KG1a cells. Quantification of the amount of transcript revealed that up until 6 h following irradiation there was no difference as compared with the controls, however, at 24 and 48 h the amount of RNA corresponding to the 1-8d and 9-27 genes had doubled (Figure 3b) . Thus, the 1-8d and 9-27 genes were the only genes of this family induced following exposure to ionizing radiation.
Role of IFN in the radiation enhanced expression of 1-8d and 9-27 genes Since these genes have been reported to be highly induced in response to IFN treatment, 19, 20 we investigated the question as to whether the radiation-induced 1-8d and 9-27 gene expression was mediated through a radiation-induced increase in IFN in our cell line. We first showed that IFN␥ was able to induce 1-8d and 9-27 but not 1-8u gene expression in KG1a cells whereas all these three genes were induced in IFN␥-stimulated HeLa cells (data not shown). Then, we tested for the induction of IFN␥ mRNA in KG1a following exposure to IR. We detected IFN␥ transcripts in PHA-induced peripheral blood mononuclear cells (MNC) RNA but not in mock and 3 Gy irradiated KG1a cell RNA (Figure 4) . Since the IRF-1 gene has been shown to be induced in response to either IFN ␣, ␤ or ␥, we also searched for a radiation-induced greater than the background signal ( Figure 5 ). Although the IRF-1 expression was too weak to be quantified by densitometry, it is clear that it, and thus the IFN activity, were not increased by exposure to IR in KG1a. Thus, radiation
Figure 2
Nucleotide sequence of the 20-10 clone compared to the 1-8 gene family sequences. A point (.) indicates identity of nucleotides. Numbering is with respect to the 1-8d sequence. The AP-4 primer sequence is indicated in bold.
Figure 3
Northern blot analysis of 1-8d and 9-27 genes. (a) autoradiograms. Total RNA was extracted 0.5, 6, 24 or 48 h after mock (0) or 3 Gy irradiation and hybridized with the 1-8D and 9-27 oligonucleotide probes. A ␤-actin probe used for sample normalization is also shown. (b) Hybridization signals were normalized relative to the ␤-actin signal and expressed as a percentage of the mock-irradiated controls after the same incubation time. Columns: mean of three independent experiments. Bars: standard deviation.
* P Ͻ 0.001 in paired Student's t-test.
Figure 4
Northern blot analysis of IFN. Total RNA was extracted after 3 days of PHA stimulation of human MNC or 0.5, 6, 24 or 48 h after 3 Gy-irradiation. A ␤-actin probe is also shown as a loading control.
enhanced expression of 1-8d and 9-27 genes in KG1a was irradiation of the p53-deficient KG1a cell line. For this purpose we used the recently described mRNA differential disindependent of IFN activation. play technique to search for genes whose expression was modified by IR. 14, 15, [22] [23] [24] [25] Despite many false positive clones (21/22), the band 20 and Discussion the corresponding 20-10 cDNA clone displayed a differential expression pattern. The insert sequence shows strong homWe have previously studied the response to X-ray radiation of the human hematopoietic cell line, KG1a. 12 We have shown ology (97.4%) with the sequence of 1-8d cDNA. The mismatched nucleotides in the 5′ end may nevertheless permit that, early after irradiation of this cell line, there is a dosedependent increase of the expression of the c-jun gene. In the annealing of primers. 22 The only mismatched nucleotide in the amplified internal sequence of the clone may be due contrast, genes known to be involved in late responses were not found to be induced in KG1a after irradiation. Since the to a DNA polymorphism or an early error made by the Taq polymerase. Thus we are confident that the 20-10 clone correp53 gene is one of the most frequently altered genes in human cancer, 21 we aimed to improve further our understanding of sponds to the 1-8d cDNA. The 1-8d gene belongs to the human 1-8 family of genes that are highly inducible by both molecular events that control cell death occurring following Northern blot analysis of IRF-1. Total RNA was extracted after 24 h of incubation with 0, 0.1, 10, 100 or 1000 IU IFN or 0.5, 6, 24 or 48 h after 3 Gy irradiation. A ␤-actin probe is also shown as a loading control.
type I (␣/␤) or type II (␥) IFN. 19, 20 This family is composed of effects in vitro and in vivo. 29, 30 IFN␥ exerts inhibitory activity on hematopoiesis in vitro 31, 32 and may play a pathophysioat least three functional genes (1-8d, 1-8u and 9-27) and one or more pseudo-genes. 20 IFN induction may act through the logic role in bone marrow failure syndromes including aplastic anemia. 33 The inhibition of cell growth due to IFNs may IFN-stimulable response element (ISRE) located in the 5′ flanking region of these genes. These genes encode for highly be, at least in part, due to the induction of the 9-27/Leu13 protein that relays other growth inhibition signals. 26 Using the related putative polypeptides and recently the product of the 9-27 gene has been identified as Leu13, a cell surface protein mRNA differential display technique, we have shown that genes of the 1-8 family, including the 9-27 gene, were that associates with other membrane proteins forming a multimeric complex that relays growth inhibitory and cell adhesion inducible 24 and 48 h following exposure to IR. In this way, it may be possible that cell growth inhibition induced by signals.
26 TAPA-1 (target of antiProliferative antibody 1) is another protein of the complex strongly related at the irradiation shares a common pathway with the IFNs. This study provides evidence of a link between the response to sequence level with the melanoma-associated antigen ME491 and the leukocyte antigen CD37. 27 Antibodies against Leu13 irradiation and the response to IFNs. Investigation in other cell system of the 1-8 family gene response to both irradiation and and TAPA-1 induce inhibition of anti-CD3-induced proliferation and homotypic adhesion of cells independent of known IFNs could answer the question of whether the cellular and molecular responses to irradiation and IFNs use the same moladhesion molecules.
26-28
Kinetic experiments of the expression of the 1-8 family ecular pathways. genes showed a two-fold increase of the amount of 1-8d and 9-27 transcripts 24 and 48 h following the exposure to IR. It is noteworthy that there was the same level of induction of Acknowledgements the expression of both 1-8d and 9-27. In contrast, it has been reported that the 9-27 gene is highly IFN-inducible and the 1-We would like to thank Dr M Valero and all the staff of the 8d gene much less so, 20 findings which are confirmed in our radiotherapy department of Hô pital St-Louis for their help with hands (187 and 338% of the control value for 1-8d and 9-27, irradiating cells, O Brisson and M Fellous for helpful disrespectively, after a 24 h incubation with 1000 IU/ml of IFN␥).
cussions and S Agrawal and F Leteurtre for critical reviewing. Nevertheless, the IFN induction of these genes in KG1a is
The IFN␥ probe was a generous gift provided by Roussel lower than previously reported with HeLa cells (but of the UCLAF (Romainville, France) and the IRF-1 probe by M same magnitude as IR induction was not increased following X-ray irradation. Thus, these data 3229-3237. provide evidence of the absence of IFN involvement in the 1- diverse immunomodulatory, antiproliferative, and antitumor
